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2,4-TRIME~OxWm-IVI’JRCGEI? Mlx’IWW

By GordonL.DuggerandDorothyD.Grash

Theiaminsrfkme speedof2,2,4-trimetbylpentanewithvarious
Oxygen-fitrogenmixtureshasbeendeterminedfromschlierenphotographs
ofBunsen-typeflames.Flame-sped?datawereobtainedas a functionof
equivalenceratiowithairat initialtemperaturesof3110,3670,and
4220K andwithpmixed oxygen-nitrogenmixkurescontatig 0.250,0.294,
0.347,and0.496molefractionofoxygenat initialtqeraturesof3110
and4220K. Mnearrelationswerefoundbetweenmaximum
& (cm/see)andmolefractionof oxygen

flamespeed
u foreachoftheinitial.

temperatures311°@ 4220K. Bothlinesinterceptedtheaqgen axis
near u = 0.320.An empiricalequationincludingboththeeffectof a
andtheeffectofinitisltemperatureTo (OK)wasobtain-:

u- = 1“40(a- o.120)0.133To

Theexpertientalresultsfortheeffectof CL werepredictedona
relativebasiswit%lnapproximately20percentby theoriesbasedon
eithera thermalmechanism,suchasthatpresentedby Semenov,ora dif-
fusionmechanism,suchasthesquare-rootlawpresentedby Tanfordand
Pease.Thisisthesamearderofagreementaswasreportedforpredic-
tionsoftheeffectof initialtemperatureonflamespeed.Boththeories
predictcurvesfortheeffectof G on & forwhichthesecond
derivativesarenegative,ascomparedwithlinearrelationsbetweena
and u= observedexperimentally.No explanationforthedifference
intrendsbetweenexperimentandtheoryisgiven.No linesrcorrelations
betweenmaximumflamespeedandactivepsrticleconcentrationswerefound.
Suchcorrelationswerepreviouslyreportedinan investigationofthe
effectofinitialtemperatureonflamespeed.
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Dataforgaseoushydrocarbonfuelshavealreadyshownthemarked
effectoftheprcentageofoxygeninoxygen-nitrogenmixturesonminimm
ignitionenergy,blow-offandflashbacklimit,quenchingdistance,and
flamespeed(reference1). Dataofthistypeshouldgivecluesasto
theimportanceofreactionkineticsinflamepropagationandshouldyield
furtherinformationonwhattheover-~ mechanismoff-e propagation
mightbe. Furthermore,suchdataforliquidfuelswouldbe ofspecial
interest,becausetheymightassistintheinterpretationofthecombus- ~,
tionprocessin aircraftengines;theoxygen-nitrogenratioIsa quantity
thatcanbe intentionallyvariedtoproducea considerableeffecton
combustionpropertieswithout~eatlyaffectingsuchprocessesasfuel
atomizationsndmixing.

AttheNACAMa laboratorya programisunderwayinwhichsome
ofthecombustionpropertiesof2,2,4-tri.methylpentane-oxygen-nitrogen
ndxturesarebeingstudied.Thepresentreportincludesdataonthe
laminsrflamespeedsofhomogeneousmixturesof2,2,4-trimethylpentane
withoxygenandnitrogen.Flamespeedhasbeendeterminedasa function
of equivalenceratio(fractionofstoichimetricfuel-~genratio)with
airat3~o, 3670,and42W K andwithoxygen-nitrogenmixturescontaining
0.250,0.294,0.347,and0.496mole
4220K. The~erhental valuesof
thevaluespredictedby theoriesof
thermalora diffusionmechanism.

fractionofoxygenat3110and
maximumflamespeedarecomparedwith
flsmepropagationbasedon eithera

.

SYMBOIS

Klhe follcndngsyuibolssreusedinthisreport:

A axialcross-sectionalsreaof cone(cm2)

% numiberof
mixture

Bi termnear

moleculesofconibustibleperunitvolume

unityarisingfromradicalrecombination

ofinitial

%,f molarspecificheatat
(cal/(mole)(%))

Cp,f specificheatatflame

constantvolumeatflametemperature

temperature(csJJ(g)(%))

S meanspecificheat, TO to Tf (cd/(g)(%))

D diffusioncoefficient(cm?/see)
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diffusioncoefficientatflametemperature(c&/see)

diffusioncoefficientof it= radicalatmeanconibudionzone
temperature(cm?/see)

relativediffusioncoefficientof it= radicalwithrespectto
oneoftheradicalsat initialtemperature(dhensionless)

activationenergy(kcal/g-mole)

baseofNapierianlogarithmicsystemraisedtopowerinparen-
thesisfollowingexp

heightofcone(-cm)

collisionnwiberfranspecificrateequation,k = Ke-EfiT
(cm3/(molecule)(see))

specificrateconstantforreactionbetweenith ratic~*
combustiblematerial(cm3/(molecule)(see))

totalconcentrationofgasatmeancombustionzonetemperature
(molecules/cm3)

slantheightorlengthofgeneratingcurve(cm)

molecularweight’

slopeofstraightline

molesofreactantspermolesofproductsfromstoichicmetric
equation

molefractionofhydrogenatominburnedgas

molefractionof ith radicalinunburnedgas

molefractionofoxygenatominburnedgas

molefractionofhydroxylradicalinburnedgas 0

molefractionofpoteptialconb@ionproductinunburnedgas

molefractionofcaibustibleintiurnedgas

gasconstant(kc@/(g-mole)(%) )
..

f — ._ — . —+—— . . .



lateral surfacearea

absolutetemperature

(cm2)

(OK)
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flametemperate(OK)

meanconibustionzonetmpraturesssumedequalto 0.7 Tf (OK)

initialmixturetemperature(OK)

flames~eed(cm/see)

maximumflamespeed,vsrying~ at conptanta and To (cm/see)

molefractionofoxygeninoxygen-nitrogenmixture

viscosityofmixture(poise)

viscosityatflametemperature(poisej

ratioofmeanconhstionzonetqerature ~ to initialtempera-
ture To .

thermalconductivity(csl/(cm2)(see)(%/cm))

thermalconductivityatflametemperature(cal/(cm2)(see)(%/cm)) -

densityofmixture(g/m#)

densityatflame”temperature(g/cm3)

densityatmixtureat initialtemperature(g/c#) .

equivalenceratio,fractionofstoichiometricfuel-oxygenratio

~IMiWCAL PRCK!EDURFI’

Theap~aratusisdiagrammaticallyillustratedinfigure1. The
experimentalproceduremaybe‘summarizedasf011.ows: Theliquidfuel
wasfedatthedesireilrateintoa heatedturbulentstreamof oxygenand
nitrogen.me resultinggaseousmixturewasbroughttothedesired
initialtemperatureby passagethrougha coilinanoiljacket,which
alsoheatedtheburnertube. Themixturewasburnedasa Bunsen-type

u

flameatatmosph=icpressure.Flamespeedwasdeterminedfromsch13.eren
photographsoftheflameby a total-sreamethod.

——. —
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Fueland~gen-nitrogenmixlmres.- me ~ purityclaimed by
thesupplierofthe2,2,4-trtiethylpentanewas99.6molepercent.Oxygen
andnitrogenwereobtainedpremixed,andwereanalyzedby thesupplier
to*O.1 volumepercent.Forthe21-percent~gen mixture,laboratory
serviceaircontainingapproximately0.4volumepercentwaterwasused.

Flowsystem.- Theliquid-fuelfeedsystemwassimilsrtothat
describedinreference2. Liquidfuelwasdrivenup througha precision-
bcmetube K (fig.1)by a mercurycolumn,whichinturnwasdrivenby
airpressurefrcmthetank O. me airpressureintank O wasincreased
ata‘constantrateby meteringairthrougha critical-floworificeE.
Theliquidfuelfromthetube K wasforcedintothesidearmofa glass
capillaryteeI. Meanwhilean oxygen-nitrogennd.xturewasmetered,
preheated,andpassedintotherunoftheglasscapildarytee. The
resultinggaseousmixtureoffuel,oxygen,andnitrogenpassedthrough
a smallheatedplenm chariberJ andintoa coppert@e, whichpassed
downthroughtheoiljacketoftheburnerL andconnectedtothebase
oftheburnertube.

‘Ihecritical-floworificesweremadeby mountingmibyjewelbearings
in stainless-steeltubeswhichwerefittedat eachendwithcompression
fittings,sothattheorificeswereeasilyinterchangeable.Theurifices
werecalibratedinplacewithwettestmeters,using,s~iceairCW
oxygen-nitrogenmixtureasrequired.

Thefuelfeedtubewasa 70-centimeterlengthofprecision-boreglass
tubingwithan insidediameterof6.414millimeters.Thetubewascali-
bratedwith2,2,4-trimethylpentaneby determiningtherateof changein
theheightofthedrivingmercurycolumnatvariousgagepressuresfora
givenorificeandknownupstresmtemperatureinthepresmlrizing-air
line.Foreachorifice,a straight-linerelationbetweengagepressure
andlinearfeedratefora knownupstreamtemp~aturewasdetermined,
fromwhichvolumetricfeedrateoffuelvaporatinitialmixturetempera-
ture To andatmosphmicpressurecouldbe calculated.

Burnertties.- Theburnertubeshowninfigure1 wasa 120-
centimeterlengthofbrasstubingwithaninsidediameterof1.256.cen-
ttieters.Forthehigheroxygen-concentrations,itwasnecessarytouse.
tubesofsmallerdiametersto avoidflashback.Thiswasaccomplishedby
usinga seriesofsmallerinsatlxibes,eachofwhichhada 3-centimetm-
diameterlipatthetop,sothatitcould”be soft-solderedto thelipon
the1.256-centtietertube. Theseinserttubeswere60-centimeterlengths
ofbrassorstainless-steeltubinghavinginsidediametersof0.297,
0.617,aud0.838centimeters.A spacingringandmonelflashbackscreen
weresilver-solderedtotheupstreamendofeachinserttube.

‘I@nperaturecontrol.- Temperaturesweremaintainedby circulating
heatedoil.throughout theoil-jacketingsystem.me oilwasheated

. . . .. . . .. . –.. -._____ __ — . .._ -.



6

electricallyby 2
lerwasinstalled
Tanperatureswere

three-stsgeheatersinseries.
inthesecondheater,whichwas

NICATN 2680 .

A thermostaticcontrol-
thesmallerofthetwo. “

measuredby iron-constantanthermocouplesinstalledat
thepositionsshowninfigure1. Temperaturesatthelxxrnerportwere
measurederiodicallyby anaspiratingthermocoupleandwerefoundtobe

?’within12° C oftheoiltemperatureattheinlettotheburnerjacket.
TheoiltemperatureatthejacketinletwascontrolledtoSO C.

opticalSystm.- A t&mirror (Z-type)schlierensystem(refer-
ence1,p. 216)withhorizontallmifeedgewasused. A 25-wattconcen- md
trated”arclan&servedastheIlghtsource.Thecameralensgavea 1:1 $
imagesize.Thewosure timewas1/50second.

Flame-speedmeasurement.- Flamespeedsweredeterminedfromthe
schlierenphotographsby thetotal-areamethod,whereintheaversge
normalflamespeedise@al to thevolumerate-offlowoftheunburned
mixturetividedby thesurfacesreaoftheconeformedby theccmibustion
zone.T&k surfacearea S wasdeterminedby theapproximaterelation
forcone-likesurfacesofrevolution:

s = x A2/h {1)

A typicalsch.lierenphotographisshowninfigure2. Measuranents
werebasedontheoutsideofthewhiteedgeofthecone.

.
Thelocation

oftheflamebasewasdefindby thebaseoftheconeimageratherthan
by theburnerport. (Notetheseparationbetweentheconebaseand
burnertipinfig.2.) b orderto aidindetermining

.
themsximumfl-SRIe

speeds,datascatterwasdiminishedby themethoddescribedinrefer-
ence3 (anaveragingmethodwhichdiminisheserrorsinmeasurementsfor
equation(1));however,essentiallythesameresultswould.havebeen
obtainedwithoutthistechnique.

EXPERIMENTALRESULTS

b figure3(a)flamespeedisplottedagainstequivalenceratio
(fractionofstoichiometricfuel-oxygenratio)for2,2,4-trimethylpentane-
oxygen-nitrogenmixturesfor a values(~/(~ + T@) of0.210,0.250,
0.294,0.347,and0.496at aninitialtemperatureof311°K andatmos-
phericpressure(theaverageatmosphericpressurewas744W) . Similar
dataforaninitialtemperatureof422°K srepresentedinfigure3(b).
Eachofthecurvesh figure3 -bits a flame-speedmsxhumat an
equivalenceratiobetween1.0and1.1. Thesemaximumflamespeedsare
presentedintableI alongwithvsluesfromsomeadditionalruns.

Infigure4 maximumflamespeedisplottedagainsta forinitial .
temperaturesof311°and4220K. Itis seenthata linearrelationis

--
.— —.. .
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obtainalforeachtemperature.Theleast-squsresequationsforflame
speed~ incentimeterspa secondasa functionof a areas
fOuows:

For311°K,
/

~=403a-51.l

andfor422°K,

(2)

311°
ment
same
tion

U- = 601a - 69.3 (3)

The a-interceptsforzeroflamespeedindicatdare0.125far
K and0.115for4220K. Thesevaluesof a areingeneralagree-
withthevaluesindicatedby inflamability-limitdataforthese
mixtures(reference4). tiordm to obtaina singleem@ricalequa-
includingtheeffectsofboth a sndtheinitisltemperature,it

wasassumedt~atbothlineshad a-interceptsof O.IZOand-thatf& each
initial.temperature

wheretheslopem
422°K, m = 613.
speeddividedby a
expressedinterms
a functionof To

U = m(a- 0.li20) (4)

isa functionof To. For311°K, m = 400andfor
At snygivena, theslopewillbe equaltotheflame
Constsnt. me slopem forequation(4)couldbe

‘f ‘o) ifanenpiricalequationforflamespeedas
atsomevalueof a couldbe obtained.Suchan

equationwasobtainedfor a = 0.210fromthelogarithmicplotinfig-
ure5. Forthisplotthepointsfor331°and422°K weweobtainedusing
theslopes400and613,respectively,whereasthe367°K petitwsstaken
fromtdde I. Thethreeyointsfor a = 0.210faXlona straightWe
representedby theequation

& = 0.0~3 To1”40 (5)
t

0.OXl.93To1”40
m= 0.210- O.lzo

1.40= 0.133To

Fromwhich

,, .

(6)

.
..—— ——.——. . ....— -.. _ .-. — ...-. -. . . ._. _—
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Substitutingequation(6)intoequation(4)givesthegeneral.equation
.

~ = oe133~ol”40(CL- o.120) (7)

whichrepresentsthe~erimentsldatawitha meandeviationof2.6per-
cent,asshownby thevaluesintsbleI. Thisequationshouldhave
engineeringusefulnessfcxcasesinwhichinitislteqeratureandoxygen
concentrationssreinornesrtherangecoveredintheseexperiments.

TIEKRETICALP’lIDICTIONS

Itisshowninreference3 thateitherthethermaltheoryequations
presentedby Semenov(reference5) orthediffusiontheoryequationof
TanfordandPease(references6 and7)predictedtherelativeeffectof
initialmixturetemperatureonfhae speedwithinapproximately20per-
centforthehydrocarbon-airmixturesstudies.Ihthepresentreport,
thessmeequationshavebeenconsideredforthe~redictionoftheeffect
ofoxygenconcentrationonflamespeed.

‘Ihermaltheory.- !lhethermaltheoryequationfora bimolecular
reactioncontrollingis (reference5):

By useofthisequation,point-by-pointcalculationsweremadeforpre-
dictedmaximumflamespeeds,relativeto theexperimentalvaluefor
a = 0.210,atthefourhighervaluesof u studiedexperimentally.me
resultsforinitialtemperaturesof3110and4220K srepresentedin
tableIIandfigure6(a). me valuesofthephysicalpropertieswere
est~ted frandataavaildleintheliterature,asdescribedinthe
followingparagraphs.tialJ_c~es itwasassumedthatidealgasmixtures
wereobtained,forwhichthephysicalpropertieswereadditive.

~eoreticsladi~aticflxmetemperatureswereobtainedby thematrix
methodofreference8Jusingheatsofformationad heatcontentfunctions
franreferences9 and10. Viscosityvaluesatflametemperaturewere
obtainedby extrapolationofdatagivenh reference11. mermalconduc-
tivityvaluesatflametemperatureswereobtain-usingthisviscosity
dataandtherelation(reference1,p. 415) .

4,

—. ——..— —— ..- —..
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where Cv,f datawereobtainedby interpolationofvaluesfromrefer-
.

ence9. Meanspecificheatvaluesbetweenl’.and ~ werecalculated
fromdatainreference9. Itwasassuredthatthe&l$fusioncoefficients
wereproportionalto q/p.

Foran essentiallystoichiometricreactantmixture,eitherthe
initialfuelconcentrationortheinitialoxygenconcentrationcouldbe
usedfor ~ inequation(8)topredicttherelativeeffectofoxygenh>

k concentrateiononflamespeed.Bothfuelandoxygenareconsumedinthe
CD ssmeproportionsandthereldionbetweenreaction-zoneconcentration

andinitialconcentrationshouldbe thesameforaxygenasforfuel
(reference5,p. 39).

A vslueof40kilocaloriespergram-molehasbeen&bitrarilychosen
fortheover-allactivationenergy.Thisvaluehasbeenusedinthermal
theorycalculationsfor32hydrocarbonfuels(reference12). Adiabatic
compressiondatahavebeenreportedfrcmwhichanapparentactivation
energyof32kilocalorieswasobtained(rePerence1,p.188). However,
thisvaluewasdeterminedonthebasisofcomputedtemperaturesun&or-
rectedforcoolingby thewalls,sothatitislow. Inorderto show
the@ortance of E inthethermaltheoryresults,curvesforboth
40 and32kilocaldri.esarepresentedinfigure6(a). Thegreatestdif-
ferenceappearsatthehighervaluesof a (farthestfromthedatum. vslue)j forexample,at a = 0.496 and To= 422°K, thepredicted
msximumflamespeedisapproximately13percentlowwith E = 40 and

. approximately26percentlowwith E . 32.

Thetemperaturedependenceofthecollisionnumberinthereaction
rateequationwasnotconsideredby Semenov.Theeffectissmallcom-
paredtotheexponentialtermsincetheco~sion mxiberisproportional
tothesquarerootofthereactiontemperature(reference13). Thusfor
a= 0.496 and To= 422°K, thepredictedflamespeedswouldbe
increasedby approximately5 percent,makingthevaluefor E = 40 now
8 percentlowandfor E = 32 now22percentlow.

Diffusiontheory.- Theequationgivenby TanfordandPease(refer-
ence6,p. 863),whichtheyhavetermed“thesquare-rootlaw”,maybe
writtenintheform

. “=F==E$“ “
.,, . .

(9)

Sincetheeffectof a onflametemperatureisrelativelylsrge,the
temperaturedependenceofthespecificrateconstantki shouldbe con-
sidered.Theactivationenergiesforthereactionsbetweenactive

.— .—— -. —_-
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particles&d fuelmoleculesareprobablyoftheorderof5 to 15kilo-
caloriesper~am-mole.An apprmimatevalueof10lcllocaloriesis

.

quotedforthereaction

inreference14. The‘activationenergiesforthereactionof O and
OH mightbe somewhatsmaller.Therefore,an averagevalueof 7 kilo-
calorieshasbeenarbitrarilychosenandisassumedtoholdfor H, O,
and OH ~srticles.Thetemperaturede~endenceof ki wodd thenbe
expressedby

~ m eQ (-5000/~)

Aswasassumedin the thermalthemy discussion,

D~#m#”W

andtherefore

1.84
%,m m ‘i,r‘m

Themolecubrconcentrationfactor~ isinverselyproportionalto ~.
Approximatecalculationsweremadewhichindicatethat,forthepresent
purpose)thefactorQ’/Wi IIWYbe @I=~ ~th = -or of1- than
4 percent.Theeffectofoxygenconcentrationonflamespeedpredicted
by equation(9)istherefaegivenby

.

.

———.
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fromwhich,ata giveninitialtemperature,

where

: Pi Di,r=6.5~+PoH+po

Valuescomputedfromequation(10)areyresentedin
ure6(b). Alsoplottedinfigure6(b)isthecurve
neglectingtheteqeraturedependenceof ~ (z-o

u’

(lo)

ts31eIIandfig-
whichresultsfrom
activationener~).

Itshouldbe notedthatthetemperaturedependenceofthecoldlsion
nuuberin ~ isagainneglected,asitwasintheSemenovequation.
Theeffectof includingitwouldbe asdiscussedpreviously.Itmaybe
seenfromfigure6(b)thatequation(10)predictsreld.iveflamespeed
withinappr*tely 20percent.Whenthetemperatedependenceof ~ ,
isneglected,thepredictionsarewithinapproximately5 pey,centofthe-
experimentslvalues.

h reference3 linesrcorrelationsbetweenmsximumflamespeedand
either(6.5~+ Pm+P~) or ~ alonewereobtaindforgaseous
dxturesofconstantcompositionbutvaryinginitialtemperature.No
suchcorrelationswerefoundforthepresentdatawithvaryingoxygen
concentrations(seefig.7). Inreference15 linearrelationswere
observedbetweenflamespeedand 6.5~ + pm + P. whenequivalence
ratiowasvsriedfora givenhydrocarbon-airsystematrocxntemperature..
Forthepresentdata,maximumflamespeed(atessentiallyconstant
equivalenceratio)varieslinearlywith 6.5~+P~+Po upto
al= 0.347,buttheflamespeedat a = 0.496isgreaterthanthevalue
indicatedby extrapolationofthislinearrelation,asshowninfigure7.

Boththethermaltheoryandthediffusiontheorypredictcurvesfor
therelativeeffectof a on ~ forwhichthesecondderivatives
arenegative.No explanationcanbe givenfortheclifferencebetweenthe
experimentalandthetheoreticallypredictedtrendsatpresent.

b conclusion,eitherthethermaltheoryaspresentd.by Semenovor
thediffusiontheoryofTanfordandPeasepredictstheeffectofoxygen
concentrateiononflamespeedwithinappraklmately20percent.Beginning
withtheassumptionsthatthermalequilibriumandadiabaticflametempera- ‘ ‘
turesareattained,therelativesgreementineithercasedependslargely
onthetreatmentofthetemperaturedependenceoftherateconstant.

—— —._ —.—.—— —
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SumARYOFRESULTS

A studyofthelaminarflamespeedsofhomogeneousmixturesof
2,2,4-trimethylpentanewithoxygenandnitrogenat312°and4220K gave
thefollowingresults:

1. ‘hemsximumflamespeedincreasedlinearlywithoxygenconcentra-
tionata giveninitialtemperature.lhefollowingequationsformsximum
flamespeedU- incentimet=spersecondas a functionofmole
fractionofoxygenintheoxygen-nitrogenmixturea wereobtained:

g
For3U0 K,

k=4ma-51”1

ha for4220K,

U- = 601a - 69.3

2.Bothflamespeed-concentrationlinesinterceptedthe u E@s at
a valuenear0o1.20.Fa thesmalltemperaturerangeof31J-oto422°K I
an empiricalequationincludingboththeeffectof initialtemperature

.

and.theeffectof oxygenconcentrationexpressedas (~- o.1.20)on
maximumflamespeedwasobtain~:

& ‘ 0.133lyo1“40(a- o.120)

3.Eitherthethermaltheoryaspresentedby SemenuvoxtheUfusion
theoryof‘l?anfwdandPeasepredictedtherelativeeffectof oxygencon-
centrateiononmsxbnumflsmespeedwithinapproximately20percent.
Theoreticaladiabaticfkme temperaturesandequilibriumradicalconcen-
trationswerecmputedby a matrixmethd;whenthesevalueswereused,
therelativeagreementbetweenexperimentalandtheoreticallypredicted
flamespeedsdependedLugelyonthetreatmentofthetemperaturedepend-
enceofthereactionrateconstantsin eithertheory.figeneral,the
~eement wasoftbesameorderasthatpreviouslyreportedfortheeffect
ofinitialmixturetemperatureonflamespeed..

4.Boththethermalandthediffusiontheorypredictedcurvesfor
theeffectof a on & forwhichthesecondderivativeswerenega-
tive,as coqaredwiththelinearrelationbetweena and U’
observedexyrtieutalQ.Thisdifferenceintrendsbetweenexperiment
andtheorycannotbe ex@ainedatpresent.

—-. —— —.. . .—. —
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5.No linesrcorrectionsbetweenmaximumflamespeedandactive. particleconcentrationswereobtained.Suchcorrelationswerefoundin
thepreviousinitial-temperatureinvestigation.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,January9,1.952
.
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.294
.347
.496

.210
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.210

.210

.250

.2s4

.284

.347

.496

T&IT-EI - ~, IEMl! SQUARES, MD EMPIRICAL EQUATION

VALUESOF MAmMmfm.AMEsmED

Initial

mlxhme
terQera-
ture

(%
333.
31.1
31J.
311
311
311

367

422
422
422
422
422
422
422
422

Stresm-
flow
Reynolds
IluLlber

1000
1000
1600
900
Mm
lsal

lCC’O

1000
1000
7m

1403
900
900
14(X)
lam

!lhbe
diameter
(cm)

1.256
.B38
.838
.617
.617
.297

1.256

1.256
1.256
.838
.S38
.617
.617
.617
.297

-w-

Mmlmum flame speed 1
(cm/see) I

mperi.
DEntsl

34.6
52.1
72.2
67.2
89.1

152.2

44.8

56.1
59.0
57.4
83.1
103.0
102.1
138.O
229.9

L=3st squareE
line ( equa-

tions(2)@
(3))

34.9
51.2
69.2
69.2
90.9

“I-51.9

-----

56.8
56.8
.%.8
80.8
107.2
107.2
139.1
228.5

EIHgirical.

.133T01”40(CG0.U0

(equntion(7))

36.1
52.1
69.7
69.7
90.9
EO.6

45.3

. 55.2
55.2
55.2
79.8
106.7
106.7
139.3
2m.7
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31.1
311
311
3Ll
311

422
422
422
422!
422

Flame
temper-
ature

(%)

2285
2447
2562
2670
2850

2337
2487
2595
2697
2870

alkperimental values.

t

k@Va-
.ence
“atio
T

1.W
l.m
La
l.m
1.00

l.as
1.05
1.02
1.02
1.00

Equilibriumradical concentratlona
(tie fraction)

P~

0.CKX?643
.00179
.C0336
.00626
.01599

.mC&37

.CG226

.mol

.00717

.01737

Pm

1.00241
.W5ffi
.01091
.01711
.03538

.00319

.OC%96

.0M03

.01856

.03694

P*

).03CR57
.CCm.5
.00275
.W543
.01577

.OwM.5

.MIk41

.03334

.W27

.01713

Maximum flame speed

Thernml

theory

1=40kca

34.98
52.0
67.5
88.2
134.7

56.8a
82.1
lCks.4
132.8
199.6

(Cm/sac)“
qmre-

Oot law
:=7kcd

~.9a

59.4
‘33.6
113.5
1131.7

56.8a
91.6
X25.1
166.4
259.5

2speri-
lental
.eaat

w=-

34.9
51.2
69.2
90.9
151.9

56.8
80,8
107.2
139.1
228.5



.. . . . .

2448
“H

c Liquid fue

“- - W7)+=’Ycw

oil
rehu’n

D—

D

A

la

D

A
B
c
D
E
F
G
H
1
J
K
L
M
R
0
P

Q
R
8
T
u
v

@Ym-~tmmn mixture oyli.ndar
tiullmtic pressore regulator
(leuge, O-lCO lb/sq in.
Thmmcmuuple
Crltioal flow orifice
Oil bath for ozddant
Aspirating thermmuple fur pm%
Heating 0011
Glaaa ce.piUary tee
Oil-jaoketed plenum
Precision-bore tube
Oil-jaoketed burnar
Air filter
Puel-atcmge tube
Air chamber
Meroury reeervoir
Three-way otopamk
h-ah
(war pump
Primry oil h6ater

otwober

tube

.

Thmmostatic ccmtroll.er
Secondary 011 heater

Figure 1. - IQmmatic sketch of wImentel apparatw ,

k!



18 lMCATN 2680

.

--=%w’i
C-29172

.

.

Figure2.- ~ical scblierenphotographshowingouter edge snd baseofflame

●

coneimage.



NACATN 2680 19

03

G
03

,,
,>
L

“p

.

1:

I I
Molefraction
ofoxygen

02ffi=—02 + N2
160

A 0.496
u , n

140

120

100
.347

~@ o~ y
o

80

dy
n .294-

0= /
c%~

~ 0
60‘ u- >

.250,,
A u n

.

40 w -
.210
u L~

,
~ “ “

20.7 .8 .9 1.0 1.1 1.2 1.3
Equivalenceratio

(a)Initialtemperature,311°1L o

Figure3.-Flamespeedsof2,2,4-trlm8thylp8ntim-o~gen-titrogen
mixtures.

__ ._ —_——.—______ —. .-



,

I?ACATN 2680

1 I

Molefraction
ofoxygen

‘2a=—-02+N2
240

0.496

220

200r

lq

160

14C _.347 0
0 u c)

/ . n

120 <

_.294.

100

w .230

80
#●

w c
5 B .

0

m –.210.
>- . ,-- . ,.,. ,., . 3

40 1
.7 .8 .9 1.0 1.1 1.2 1.3

Figure3. -

Equivalenceratio

(b)Initialtemperature,422°K.
.

concluded.Flamespeedsof2,2,4-trimethylpantane-oxygen-
nitrogenmixtures.

.

.

.

.

..— — —



NACAT!N2680 21

-.A

Z4U

20C

‘?

16C

12(

8(

‘4(

(

.

422

.,

[

..

,,.

/, f
,,

/0-
/ ./ T

.10 .20 .30 .40 .50
02

Molefractionofo~gen,cc= —
02 + N2

Figure4. - Effectofoxygenconcentrationonmaxi-
mumflamespeedsof2,2,4-trimethylpentane-
oxygen-nitrogenmixturesat 311°and422°K.

-——— ..—— —-—— .—. ..—



22

*

N
lb
lb
02

1.8

1.7

.I

1.6

1.5
2.45 2.50 2.S5 2.60 2.6

log To,

Figure5. - Effectoftemperature
2,2,4-trimeth.ylpentane-air

%

onmaximumflame speed for
mixtures. ct= 0.210.

5 .

——-—. .



NACATN 2680 23

,\

.

260

220

180

140

100

60

20
.2

ActivationInitial
energy temperature

Semenovequatian }kcd)m ‘%)1—
.—— – Experimental

/’

/ 40 }
/

/
/ /

4 32 >

/
/ Y

/ /

/ 40 }
/

/‘
{

32 4
// /

{ ,

6

0 .30 .40 .50

Mle fractionofoxygen,a = %
02+~

422

311.

(a)Semenovb@olecularequation(thermalmechanism).

Figure6.- lHfectofoxygenconcentrationonmaximumflame
speedsof2,2,4-trim~thylp2ntane-oxygen-nitrogenflames.
Comparison&-theoreticallypredictedcurves(relativebasis)
with~erimentalresults.

.———. ——.—. .—. . —c. ._ _ —.. ..—. —



24 NACATN 2680

Activation Initial
energy temperature

Square-rootlaw (kcal) (%)

-.-—- Experimental
260 , 7

>

/
> 422 _

/
220 /

J

/
/

7
; 180 7
-lj-

/
* 311

$’

;
~ 140 p’ 0 d

3
Q

!

II / /-

4 100 “,

/

60 J

-
20
.20 .30 .40 .50

%“FDlefractionofqgen, u = o + ~.
(b)Square-rootlaw(&fmGionmechanism).

Figure 6.- Concluded.Effectofcmygenconcentrationonmaxi-
mumflamespeedsof2,2,4-trimethylpentane-oxygen-nitrogen
flames.CmparisonoftheoreticallyPretictedcurves(rela-
tivebasis)withexperimentalresults.

.

.

.

.

.. _—- . — ——



.. >.-.

..

w

220 %- . ‘“
423

lEZ)
/ ‘

/

/
ml

140

/ /

“ /

m
/ /

t /

60
& /

d
Imn-eaaingmla fraotim CU mygwn, a

200 .04 .Oa ,lz .16 .20

.

!2

0

/

-t%-,”
422,/

/
,/

/
/

0

/

/
/

/
511,

r-
/

/
/

/

k / ““

/ ‘ /

/

d

/ L
/

Imrwing mle fm tion of mygen, a =@=

3 .18 .24 .32 .40 .40

6.5~+pm+Po

Hum% 7. - Ilelnticmbetweenuaxiwm fl.amam end effeotive~ctivepartioleomaeutmticm wham molefraotim of mn
OS

in O.ale,O.mo, 0.2?4,0.5.-47,and 0.48S.
a“~+rf2


